ABSTRACT: We present a combined experimental and computational study of the relaxation dynamics of the ethylene cation. In the experiment, we apply an extremeultraviolet-pump/infrared-probe scheme that permits us to resolve time scales on the order of 10 fs. The photoionization of ethylene followed by an infrared (IR) probe pulse leads to a rich structure in the fragment ion yields reflecting the fast response of the molecule and its nuclei. The temporal resolution of our setup enables us to pinpoint an upper bound of the previously defined ethylene−ethylidene isomerization time to 30 ± 3 fs. Timedependent density functional based trajectory surface hopping simulations show that internal relaxation between the first excited states and the ground state occurs via three different conical intersections. This relaxation unfolds on femtosecond time scales and can be probed by ultrashort IR pulses. Through this probe mechanism, we demonstrate a route to optical control of the important dissociation pathways leading to separation of H or H 2 .
F
or the past several decades, photochemical reactions of the ethylene molecule (C 2 H 4 ) and its cation have been subject to intense research because the neutral molecule serves as the simplest reference system based on a carbon double bond and the cation represents the simplest π radical system. It is known that photoexcitation of ethylene and its cation leads to ultrafast internal conversion processes and rearrangements like twisting, pyramidalization, and isomerization on the femtosecond time scale. 1−4 In particular, it has been shown that nonadiabatic coupling of the potential energy surfaces (PESs) through conical intersections (CIs) plays an important role during the evolution of the excited wave packet. 5−8 Transitions through these CIs are known to be responsible for the photochemistry of biomolecules 9−11 and for the photostability and ultraviolet (UV) resistance of DNA. 12, 13 Recently, Joalland et al. 8 conducted a theoretical study of nonadiabatic effects in the ethylene cation excited-states dynamics based on ab initio multiple spawning calculations simulations (AIMS). 5, 14 They identified two distinct classes of CIs responsible for the ultrafast internal conversion and relaxation, associated with planar and twisted geometries, respectively. The role of the dissociation channels C 2 H 4 + → C 2 H 3 + + H and C 2 H 4 + → C 2 H 2 + + H 2 and the underlying mechanism that influences their branching ratio has been inferred. 15, 16 Specifically, the CI at the planar geometry that enables evolution to the cation ground state was associated with a bridged structure that is supposed to facilitate H migration preceding the loss of H 2 . On the other hand, transitions through the twisted CI are supposed to lead to the excitation of torsional vibrations that hinder this process. According to experimental results based on a vibrationally mediated photodissociation study, it was proposed that the excitation of the vibrational mode responsible for the torsion prior to the photoexcitation can affect the branching ratio and thus the outcome of the dynamics by promoting the twisted CI. This consideration of dynamical effects extends the earlier work by Lorquet and co-workers 1,2 but challenges the role of the minimal energy configuration of the bridged and ethylidene (HCCH 3 ) structure predicted to precede the dissociation to C 2 H 2 + + H 2 . Measurements of the dissociation dynamics on the femtosecond time scale exhibit the potential to unravel the role of the different configurations, CIs, and the excitation of vibrational modes in this process.
In contrast to theoretical studies, time-dependent experimental investigations have mostly concentrated on the V state dynamics of ethylene. 4,17−19 Recently, Tilborg et al. 20 presented results on the ethylene cation C 2 H 4 + dynamics obtained in an extreme ultraviolet (XUV)-pump/infrared (IR)-probe scheme similar to the one presented in this Letter. They focused on the delay of the CH 3 + fragment yield stemming from IR-induced breakup of the C−C bond after isomerization from the ethylene to the ethylidene cation (H 2 CCH 2 + → HCCH 3 + ). Here, we present a combined experimental and theoretical study of the ultrafast ethylene cation excited-state dynamics with improved temporal resolution on the order of 10 fs. This temporal resolution allows us to refine an upper limit to the isomerization time, to pinpoint dynamics in a broader set of fragments, and to shed light on the branching ratio of the dissociation channels leading to loss of H or H 2 . Our experiment gives access to signatures of the excited wave packet along its relaxation pathway on a femtosecond time scale that we use to identify key configurations at which CIs occur. Special attention is paid to the possibility of controlling the dissociation dynamics.
We record delay-dependent ion mass spectra in our experiment carried out at the attoline of ETH Zurich 24 ( Figure  1a ). For the excitation step, we employ attosecond pulse trains with photon energies in the range of 20−30 eV (Figure 1b) . The attosecond pulse train is composed of pulses with a time duration between 300 and 400 as under an 11 fs envelope. 25 An additional tin (Sn) filter inserted into the XUV beam allows us to limit the range to 20−24.5 eV. We use the two excitation spectra to ionize ethylene molecules from the ground state to different excited states of the cation C 2 H 4 + and at the same time be able to exclude the role of double ionization to C 2 H 4 2+ from the observed dynamics. A time-delayed IR probe pulse (22 ± 2 fs of duration) of variable intensity (photon energy 1.6 eV) probes the evolution of the dynamics through changes in the fragment ion yields. The cross-correlation between pump and probe obtained by ionizing Ar atoms is 24.5 ± 2 fs (see the Supporting Information). It is worth noting that the use of attosecond pulses enables resolving coherent dynamics that unfold on time scales faster than a femtosecond (see Figures 1 and 2 in the Supporting Information).
The ionization of ethylene launches molecular dynamics on different cationic states that can be represented by nuclear wave packets evolving on the PES toward the stable cation ground state or toward dissociative channels (Figure 1d ). The asymptotic outcome of these dynamics is visible as static ion yield that exhibits three dominant peaks corresponding to the cation C 2 H 4 + and the largest fragments C 2 H 3 + and C 2 H 2 + . This dominant structure is accompanied by the smaller fragments with 2 orders of magnitude lower peak heights ( Figure 2a ). The additional strong peak at 4 u stems from ionization of He used as buffer gas with a He:C 2 H 4 ratio of 10:1. Starting from the tabulated values for the cross sections of ethylene for monochromatic light, 22, 26 we estimate the initial state populations for our XUV spectra of Figure 1b . We find more than 95% of the total population is confined to the cation ground state X̃2B 3u and the first three excited states Ã2B 3g , B2 A g , and C̃2B 2u ( Figure 1c ).
The addition of the IR probe pulse at a defined delay after excitation allows us to interact with the molecular dynamics on a femtosecond time scale. The IR photons may transfer the nuclear wave packet between neighboring states or influence its branching ratio around CIs and thus change the asymptotic fragment yields. Figure 2b shows the IR-induced change in the ion yields relative to the XUV-only yields as a function of the pump−probe delay for an IR peak intensity of 2.5 × 10 12 W/ cm 2 , a delay step size of 2 fs, and accumulation over 20 000 laser shots per data point. For positive delays, the IR pulse arrives after the XUV pulse. We observe a variety of dynamics visible as modulations in the yields within the first 60 fs after excitation. We carefully checked that the observed features are largely independent of the IR probe intensity as well as the exact excitation spectrum (see the Supporting Information). A decreasing IR probe intensity results in a decreased strength of the features but does not alter their timing. We exclude the contribution of dicationic states in the excitation step by applying the Sn filter in the XUV beam which effectively limits the spectrum far below the second ionization potential of ethylene and by comparing the results with the ones using the full XUV spectrum. The excitation spectrum consisting of photons with energies in the extreme-ultraviolet spectral range. An insertable tin (Sn) filter allows us to switch between the full (solid blue) and a filtered (dashed orange line) spectrum. The inset shows the cationic states (red) that are reachable with the given photon energies. 21 (c) Initial population of the states calculated for the applied spectra. 22 (d) Calculated potential energy surfaces for the cation ground (D0) and the first three excited states (D1, D2, and D3) geometry-optimized on D0 along constrained values for the dihedral angle and C−H stretch coordinate using LR-TDDFT/PBE0 with a 6-31G** basis set and the quantum chemistry program Gaussian-G09. 23 The reference zero energy is the ground-state energy of the neutral molecule in its equilibrium geometry.
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We present all measured ion yields that show a dynamic behavior plotted as markers together with their respective fit that we use to extract the delay position of the maximum yield. These fits are based on the sum of a minimal number of exponentially modified Gaussian (EMG) functions 27 as analytic approximation to a model that has recently been introduced for the description of ultrafast fragmentation dynamics of ethylene. 20 We estimate the error of the delays based on the fitting error for the position of the Gaussian part of the convoluted fitting function to be ±3 fs for all species except for CH + , where it increases to ±10 fs because of the noise level of the data for this fragment.
We concentrate our analysis on two main features in the observed yields. One is the correlated dynamics in the C 2 H 4 + , C 2 H 3 + , and C 2 H 2 + ion yields that are closely linked through the dissociation channels leading to the loss of one or two hydrogen atoms. The other feature is the evolution of the CH 3 + , CH 2 + , and CH + yields resulting from the breakup of the C−C bond. We observe a comparable behavior of these monocarbon fragments at delays around 40 fs. Among them, the presence of CH 3 + fragments is particularly interesting because it is an unambiguous signature of the ethylene− ethylidene isomerization that is supposed to play an important role in the dynamics leading to dissociation to C 2 H 2 + + H 2 .
2
The maximum of the CH 3 + yield was previously analyzed by applying an extended rate model to extract an isomerization time of 50 ± 25 fs. 20 Profiting from our accurate time-zero calibration, 28 the time resolution, and the good statistics of our measurements, we are able to extract a more precise upper bound for the isomerization time of 30 ± 3 fs, defined as the time that the nuclear wave packet needs to reach a region of the potential energy surface where the isomer population probability is maximum. It is extracted by fitting the CH 3 + yield with a delayed exponential decay convoluted with the instrument response. 20 In the raw data it corresponds to the time position of the peak at 40 fs in Figure 2b .
Another important process is the loss of one or two H atoms after photoexcitation of the molecule. The two responsible channels, C 2 H 4 + → C 2 H 3 + + H and C 2 H 4 + → C 2 H 2 + + H 2 , exhibit similar thresholds from the cation ground state of 2.70 and 2.62 eV, respectively, 29 which are also consistent with the PBE0/DFT values of 2.75 and 2.70 eV. A signature of these channels in the XUV-only ion spectrum is found in the two dominant peaks at masses of 26 u (C 2 H 2 + ) and 27 u (C 2 H 3 + ) (Figure 2a ) that show narrow correlated features in the delaydependent ion yields. At a delay around 25 fs, the C 2 H 4 + yield decreases, which coincides with an increase in the C 2 H 3 + and C 2 H 2 + yields. This suggests that it takes the cation approximately 25 fs after excitation to reach a geometrical configuration where the IR is more likely to promote the loss of an additional H or H 2 fragment with associated bleaching of the C 2 H 4 + yield. This picture supposes ultrafast relaxation mechanisms between the first three excited states, which is in agreement with previous theoretical predictions on the relaxation time scales. 8 To gain further insight into the dynamics of the excited ethylene cation, we perform trajectory surface hopping (TSH) calculations after excitation of the ethylene cation based on time-dependent density functional theory in a linear response formulation (LR-TDDFT). 30, 31 Simulations were carried out with the Newton.X package 32 interfaced with G09 for the calculation of the electronic properties. We use the 6-31G** basis set on the LR-TDDFT/PBE0 level of theory and 100 TSH trajectories per excited state (see Computational Methods in the Supporting Information for more details). Initial geometries and velocities are obtained from Wigner distributions of the neutral ethylene in its ground state. We concentrate our analysis on the four lowest cationic states and verify a good agreement between their representation as spectroscopic states (X, A, B, and C̃) based on neutral ethylene and the states used in the calculation (D0, D1, D2, and D3) for the ethylene cation. Figure 1d shows the calculated PES of the cation ground and the first three excited states, geometry-optimized on the ground state as a function of the torsional angle and one C−H stretch coordinate. From this static representation of the potential energy surface, efficient transitions between D1 and D0 are expected around three different CIs, located along the dihedral angle at 90°, along the C−H coordinate around 1.7 Å, and along the planar bridging coordinate (see the Supporting Information for the latter two). This finding is consistent with the previous theoretical studies of Sannen and co-workers, 2 predicting a CI along the C−H stretching coordinate, and of Joalland et al., 8 describing two D1/D0 CIs, one of bridged planar geometry and the other twisted.
To complete this static picture, we also performed dynamic simulations using a trajectory surface hopping approach. The temporal evolution of the population on the different states following excitation on D3, D2, and D1 is shown in Figure 3a .
In Figure 3b , the average population of the first three excited states is shown assuming equal initial contributions. Our results are in good overall agreement with recent calculations using the AIMS method starting from the cation geometry 8 rather than from the neutral geometry as in present theoretical work. We find a fast relaxation of the majority of the initial population to the ground state within the first 50 fs after excitation. The averaged population on D1 reaches a distinct maximum after approximately 15 fs, consecutively decaying to the ground state.
It has been shown previously that CIs between the two lowest PES D1 and D0 of the ethylene cation are involved in the dynamics leading to the dissociation into C 2 H 3 + + H and C 2 H 2 + + H 2 . 1,2 The delay of 25 fs for the IR-induced change of the fragmentation channels is in good agreement with the time scale of relaxation to D1 observed in our simulations. Under the assumption that the branching into different channels happens around CIs between D1 and D0, the IR pulse probes the presence of the nuclear wave packet around these conical intersections. Thus, we can use the IR pulse in the experiment to precisely time how long it takes the excited wave packet to reach the responsible CI.
The distributions of C−H stretch coordinates and dihedral angles of all hopping events for transitions between different PESs together with the initial excitation geometry are shown in Figure 4a ,b. We observe the largest C−H distances for the transitions from D1 to the cation ground state, reinforcing the assumption that this transition plays a central role in the dissociation channel leading to breakup of one C−H bond. For the dihedral angle, we observe a partitioning of the transition geometries to D0 around planar and 90°twisted geometries in contrast to the broad spread of dihedral angles from 0°to 60°o bserved for the transitions to D1 and D2. Here, the contribution around 90°twisted geometries uniquely stems from excitation to D3. This is also reflected in the timing, as at early stages, transitions to the ground state dominantly occur 
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Letter close to the initial planar geometry. Just after 30 fs, the twisted channel described by Joalland et al. 8 with a dihedral angle around 90°starts to play a role in the hopping to D0. We observe that a small number of trajectories, not statistically significant, leads to H or H 2 loss. It is worth noting that all these events occur in the ground state, not necessarily involving isomerization or bridging, and in the trajectories that have relaxed through a planar (either stretched or bridged) CI only (see the Supporting Information).
In summary, we presented investigations of the ultrafast photodissociation dynamics of the ethylene cation C 2 H 4 + excited by a XUV pulse train and probed with a delayed near-infrared pulse. The recorded delay-dependent fragment yields exhibit rich dynamics within the first 60 fs after excitation and thus represent evidence for the ultrafast response of the molecule. We observe a localized IR-induced enhancement in the C 2 H 3 + + H and C 2 H 2 + + H 2 channels after 25 fs that we attribute to wave packets on D1 reaching the conical intersection leading to the ground state D0. We demonstrate a possible route to obtain optical control of this excited-state dissociation channel by means of a delayed IR pulse at moderate intensities. We observe a maximum in the CH 3 + ion yield as signature of the ethylene to ethylidene isomerization which allows us to refine the upper bound for the isomerization time to 30 ± 3 fs. Our measurements represent, to the best of our knowledge, the studies of fragmentation dynamics of the ethylene cation with the highest temporal resolution thus far. The temporal resolution of our experiment allows us to disentangle different dissociation mechanisms and connect previous complementary computational studies. We link our experimental findings to calculations using trajectory surface hopping based on a LR-TDDFT/PBE0 level of theory which permits us to access the relevant molecular configuration along the relaxation pathway. Our findings lift the experimental observations on the ultrafast dynamics of ethylene to a new level and will stimulate developments in their theoretical description. We were also able to identify three CIs involved, two of them possibly favoring H or H 2 elimination in the ground state. 
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